Abstract A 532 nm Nd-YAG laser was applied to crystallize amorphous Si thin films in order to evaluate the applicability of a Nd-YAG laser to low-temperature polycrystalline Si technology. The irradiation of a green laser was controlled during the crystallization of amorphous Si thin films deposited onto glass substrates in a sophisticated process. Raman spectroscopy and UV-Visible spectrophotometry were employed to quantify the degree of crystallization in the Si thin films in terms of its optical transmission and vibrational characteristics. The effectiveness of the Nd-YAG laser is suggested as a feasible alternative that is capable of crystallizing the amorphous Si thin films.
Introduction
Active-matrix liquid crystal displays (AMLCDs) possess the dominant position in flat panel displays despite of the continuous competition from powerful counterparts, e.g. plasma display panels (PDP) or active-matrix organic lightemitting diodes (AMOLEDs). The current LCDs have been fabricated using amorphous Si thin film transistor technology. Noticeably, there has been significant progress in luminescent materials and driving systems, i.e. the advent of organic electroluminescent materials and low temperature polycrystalline silicon (LTPS) thin film transistors.
1) LTPS transistors offer much higher mobility ranging from 10 to 500 cm 2 /Vsec than that of the counterpart a-Si TFT which ranges from 0.3 to 1.0 cm 2 /Vsec. [2] [3] [4] Higher mobility offers i) reduction in materials costs through the incorporation of driver ICs onto glass substrates, ii) less weight in the display modules and iii) thinner thickness. Furthermore, the LTPS technology opens up the higher potential of a multifunction integration including the panel ASIC, memory, photodiodes, sensors, sound chips, etc. Second, the organic electroluminescent materials provide higher brightness, better color features, lower power consumption, and less weight in conjunction with LTPS transistors. However, the commercialization of the AMOLEDs encounters the practical issues in mass production with high yield, requiring strict transistor performances in parallel with inspection procedures. Among essential processes in LTPS technologies, there are gate dielectrics, crystallization of a-Si into p-Si, ion-doping and activation. In particular, LTPS technology has been advanced based on various crystallization techniques, e.g., solid phase crystallization, excimer laser annealing, rapid thermal annealing, metal-induced crystallization, etc. [5] [6] [7] [8] [9] [10] [11] [12] The current research and development place their emphasis on excimerlaser annealing in spite of the high production cost and the difficulty in quality control of optical systems which are vulnerable to minor disturbance in the laser-irradiated conditions. In this work, the applicability of Nd-YAG laser to LTPS systems was attempted due to relatively low cost and simple maintenance procedure. Therefore, the 532 nm Nd-YAG laser is tested in order to crystallize the amorphous Si thin films. The crystallinity was evaluated using Raman spectroscopy and UV-Visible spectrometry with the aim to monitoring the structural change in crystallized Si thin films. The crystalline features are correlated to the energy density of the Nd-YAG laser. The implications are discussed toward the large-scale flat panel displays in conjuction with the active-matrix organic light-emitting diodes.
Experimental procedure
Amorphous Si thin films were deposited on the glass substrates (Corning 1737) with the buffer layer of 3000A using plasma-enhanced chemical vapor deposition (PECVD). The amorphous Si thin films were crystallized using the 532 nm Nd-YAG laser. The detailed setup of the Nd-YAG laser system is shown in Fig. 1 . In our study, a frequency doubled, Q-switched Nd-YAG laser (Quantel, Brilliant, 532 nm) was used and controlled by a burst mode whose repetition rate and the number of pulses are 10Hz and 50, respectively. Frequency doubling from 1064 nm to 532 nm was obtained by using a Potassium Titanium Oxide Phosphate (KTP) crystal. The beam stability and pointing stability are less than 1.0% rms and 50 mrad respectively. The beam divergence is 0.5 mrad. The beam from the laser cavity was magnified 5 times by a beam expander and then focused on a sample through a homogenizer and focusing lens that has a 4.6 mm x 4.6 mm spot size. All the experiments were conducted at power density that ranges from 265 mJ/cm 2 to 352 mJ/cm
2
. The laser-assisted annealing was performed at room temperature and in air.
The optical characteristics were acquired through UVVisible spectrometry (UV-2450, Shimadzu, Kyoto, Japan), which ranges from 200 nm to 800 nm. The crystallinity was estimated using micro-Raman spectrometry (LabRam HR, Jobin Yvon, Villeneuve d"AScq. France). The obtained Raman spectra were quantified as a function of structural components using a commercial peak-fitting software. Fig. 2 shows the optical transmission in the UV-Visible range. The reflectivity of Si was assumed to be negligible at the wavelength of the green laser, i.e., 532 nm. The actual absorption is estimated to be 74.0%. The partial absorption can be even employed to crystallize Si thin films deposited on the glass substrates, although excimer laser annealing exploits complete absorption at the wavelength of 308 nm. The current work focuses on the applicability of Nd-YAG laser to low temperature polycrystalline Si technology. Unlike the line-scanning irradiation in commercial excimer lasing systems, the current Nd-YAG laser is illuminated onto the Si thin films in the form of the square-shaped patterns. The multiple irradiation of Nd-YAG laser changes the state of amorphous Si thin films. Fig. 3 reflects the change of Raman spectra before and after crystallization due to Nd-YAG laser irradiation. After Nd-YAG laser was irradiated onto amorphous Si thin films, noticeable changes are found in spectral shape and peak positions in Raman analysis, as can be seen in Table 1 . The Raman spectral information can be analyzed in terms of degree of crystallization where the 
Results and Discussion
The Raman spectroscopy is a non-destructive tool for monitoring the characteristic of molecular vibration (or phonon in solid) that can be used for sample identification and phase quantification. The "Raman shift" is directly linked to the vibrational energy of the bonds between the atoms within the probed material.
13) The Raman analysis has been employed successfully in the quantification of the degree of crystallization in Si thin films. [14] [15] In this work, the crystallized Si thin films are deconvoluted in terms of the components related to the structural issues in Si materials. The Raman spectra were reconstructured through the Gaussian-Lorentzian distribution (1) where a 0 is the area of peak, a 1 is the value of peak center, a 2 is full-width at half-maximum (FWHM), and a 3 is shape factor. The parameter a 3 varies from 0 to 1, with 0 being a pure Lorentzian and 1 being a pure Gaussian.
In Raman spectroscopy, the crystalline volume fraction (X c ) of a sample is define as: (2) where V c is the crystalline volume and Vexp is the total scattering volume in the Raman experiment for a mixed phase material (i.e. V exp = V a + V c , with V a the amorphous volume). Due to a correlation between scattering volume and the integrated Raman scattered intensities, the crystalline volume fraction of Eq. (2) can also expressed in the following manner: (3) where I c and I a are the integration intensity of the crystalline and amorphous components respectively, and y is the weighting factor. The weighting factor reflects the optical difference in polycrystalline and amorphous Si thin films: the weighting factor is estimated to be 0.28. The current work suggested that the significant fractions of the several phases in poly-Si thin films can be attained through the fitting of spectrum. Usually, amorphous Si thin films exhibit the Raman shift around 480 cm attributed to microcrystalline features of Si. 14) Comparatively, this work demonstrates that the peak deconvolution is not identical to the ideal amorphous and crystalline Si components as shown in Table 1 . Additional peak contributions are required in analyzing quantitative estimation of crystallization using Nd-YAG lasers. However, the current work included another peak due to the intermediate state between amorphous and crystallized Si thin films, i.e., in nanoscale size. The interpretation is corroborated by the relative positions of the Raman shifts which are attributed to microcrystalline Si grains. Fitting accuracy was guaranteed by the confidence interval of about 99.7% throughout all fitting procedure. A typical deconvolution result is exemplified for the energy density of 352 mJ/cm 2 . (see Fig. 4 ). Too high energy density of Nd-YAG laser induced ablation in amorphous Si films (not shown here). As demonstrated in Table 1 and Fig. 3 . the crystalline feature is found to be noticeable above 265 mJ/cm . Since the peak position is quite less than that of crystalline Si (520.1 cm
), the crystalline feature appears to be related to nanoscale microstructure in grain sizes, presumably less than 50 nm. The current Nd-YAG laser can be employed in order to crystallize amorphous Si thin films, despite of the partial absorption of 532 nm laser intensity. Relatively, Nd-YAG laser annealing possesses strong advantages over the conventional excimer laser annealing, in maintenance and cost toward high yield and mass production in flat-panel applications.
Since this work reports the preliminary study on the application of Nd-YAG lasers to polycrystalline Si transistor technology, the energy distribution of the green laser within the thin layer structures and more detailed characterization in microstructure are required in the following publications.
Conclusions
The 532 nm Nd-YAG laser was applied in order to crystallize the amorphous Si thin films deposited on glass substrates. Depending on the energy density, the crystallized state is highly sensitive to the energy density: the optimal range is estimated to be between of 265 and 352 mJ/cm 2 , reaching even the crystallized portion of 88.9%. The applicability of Nd-YAG laser was confirmed in conjunction with the peak deconvolution approach based on Raman spectroscopy. High fraction of crystallized Si thin films implies that Nd-YAG lasers can be exploited in order to fabricate high-performance polycrystalline Si transistors. 
